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ABSTRACT

Forest fragmentation results from deforestation and disturbance, with subsequent edge
effects extending deep into remaining forest areas. No study has quantified the effects
of both deforestation and selective logging, separately and combined, on forest fragmen-
tation and edge effects over large regions. The main objectives of this study were to: (1)
quantify the rates and extent of forest fragmentation from deforestation and logging
within the Brazilian Amazon, and (2) contextualize the spatio-temporal dynamics of this
forest fragmentation through a literature review of potential ecological repercussions of
edge creation. Using GIS and remote sensing, we quantified forest fragmentation -
defined as both increases in the forest edge-to-area ratio and number of forest fragments
- and edge-effected forest occurring from these activities across more than 1.1 mil-
lion km? of the Brazilian Amazon from 1999 to 2002. Annually, deforestation and logging
generated ~32,000 and 38,000 km of new forest edge while increasing the edge-to-area
ratio of remaining forest by 0.14 and 0.15, respectively. Combined deforestation and log-
ging increased the edge-to-area ratio of remaining forest by 65% over our study period,
while generating 5539 and 3383 new forest fragments, respectively. Although we found
that 90% of individual forest fragments were smaller than 4km? we also found that
50% of the remaining intact forests were located in contiguous forest areas greater than
35,000 km?. We then conducted a literature review documenting 146 edge effects and
found that these penetrated to a median distance of 100 m, a distance encompassing
6.4% of all remaining forests in our study region in the year 2002, while 53% of forests
were located within two km of an edge. Annually deforestation and logging increased
the proportion of edge-forest by 0.8% and 3.1%, respectively. As a result of both activities,
the total proportion of edge-forest increased by 2.6% per year, while the proportion within
100-m increased by 0.5%. Over our study period, deforestation resulted in an additional
~3000 km? of edge-forest, whereas logging generated ~20,000 km?, as it extended deep
into intact forest areas. These results show the large extent and rapid expansion of
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previously unquantified soft-edges throughout the Amazon and highlight the need for
greater research into their ecological impacts.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Forest fragmentation and edge effects from deforestation
have been identified as one of the most pervasive and delete-
rious processes occurring in the tropics today (Gascon et al.,
2000; Murcia, 1995; Skole and Tucker, 1993). Forest fragmenta-
tion results from the simultaneous reduction of forest area,
increase in forest edge, and the sub-division of large forest
areas into smaller non-contiguous fragments (Laurance,
2000). The detrimental effects of forest fragmentation from
deforestation include increases in wildfire susceptibility
(Alencar et al., 2004; Cochrane and Laurance, 2002; Cochrane
et al., 2002) and tree mortality, changes in plant and animal
species composition (Tabanez and Viana, 2000; Barlow et al.,
2006; Cushman, 2006), and seed dispersion (Rodriguez-Cabal
et al., 2007; Cramer et al., 2007) and predation (Herrerias-Die-
go et al., 2008) and easier access to interior forest, leading to
increased hunting and resource extraction (Peres, 2001) or
conversion to agroscape (Kaimowitz and Angelsen, 1998).
Forest fragmentation results in an increased proportion of
the remaining forest being located in close proximity to the
forest edge (Saunders et al., 1991). Detrimental edge effects
extend into interior forest areas from these transition zones.
While the majority of these effects are thought to extend no
further than 1 km (Murcia, 1995), some may extend as far as
5-10 km into intact forest areas (Curran et al., 1999). The neg-
ative impacts of edge effects on ecosystems include shifts in
plant and animal community composition and changes in
diversity (Benitez-Malvido and Martinez-Ramos, 2003; Cag-
nolo et al., 2006), increased rates of tree mortality (Nascimen-
to and Laurance, 2004), and fire susceptibility (Cochrane and
Laurance, 2002), altered microclimates (Williams-Linera
et al, 1998), and increased carbon emissions (Laurance
et al., 1997, Laurance and Williamson, 2001), primarily from
increased mortality of large trees (Laurance et al., 2000).
Although research employing remote sensing and GIS
have quantified significant fragmentation and potentially
edge-effected forest from deforestation at small scales, few
have been at the scale representative of the Amazon region.
Large-scale impacts at the Amazon were highlighted by Skole
and Tucker (1993) who showed that, in 1988, ~16,000 km? of
remaining forest occurred within ~10,000 forest fragments
<100 km?, while the remaining 3,600,000 km? of intact forest
occurred in a similar number of fragments. They calculated
that potentially edge-effected forest (up to 1 km into interior
forest) within these fragments affected an area 68% larger
than that of the deforested area alone. Similar results from
deforestation have been found at smaller scales. Forest subdi-
vision was documented by Ranta et al. (1998) in 629 km? of the
Brazilian Atlantic coastal region where the majority of forest
fragments were found to be smaller than 30 ha, and by Coch-
rane (2001) for 1280km? in northeastern Pard where the
majority of the remaining forests were located within a few

large contiguous forest areas and that over 50% and ~85% of
the remaining forest was within 300 m and 1 km, respectively,
of a forest edge. Cochrane et al. (2002) later studied 16,819 km?
in the Sinop region of Mato Grosso, Brazil, and calculated that
52% of the remaining 12,271 km? of forests were within one
km of the nearest edge.

In this study we present selective logging as a previously
unquantified driver of rapid and extensive forest fragmenta-
tion and subsequent edge effects in the Brazilian Amazon.
Selective logging, which has only recently been mapped
across the Brazilian Amazon, annually impacts as much for-
est area as the area converted to pasture or agriculture (As-
ner et al, 2005). In the Brazilian Amazon, only 2-9
merchantable species are removed per hectare of forest
logged, but this process results in considerable ground and
canopy damage (Asner et al, 2006; Pereira et al., 2002).
Although the forest-to-logged forest transition is less abrupt
than that between forest and pasture or agricultural areas,
the effects of logging on forest ecological, hydrological, and
microclimatic processes have been well documented (Uhl
et al.,, 1991; Verissimo et al., 1992). Selective logging has been
shown to cause alterations in forest biophysical properties,
including water and wind stress, and changes in micro-
meteorological and aquatic systems (Pringle and Benstead,
2001), which may lead to an increased vulnerability to fires
(Cochrane, 2001; Nepstad et al., 1999), as well as changes
in overall forest structure and composition (Nepstad et al.,
1992). Selective logging also has a direct impact on faunal
populations, including insects (Lawton et al., 1998), primates
(Johns and Johns, 1995), birds (Mason and Thiolay, 2001), bats
(Soriano and Ochoa, 2001), and arboreal animals in general
(Putz et al., 2001a,b). Like fragmentation, logging also leads
to increased human access and reductions in animal popu-
lations and forest resources through hunting and extraction
(Nepstad et al., 1992).

Although selective logging has been described as an inte-
gral large-scale driver of forest fragmentation (Gascon et al.,
2000; Laurance, 2000), and Asner et al. (2006) have shown that
timber extraction is occurring over large areas at high inten-
sities, no study has yet quantified the extent and rate of forest
fragmentation and edge effects from both deforestation and
selective logging at large scales. The main objectives of this
study were to: (1) quantify the rates and extent of forest frag-
mentation within the Brazilian Amazon, with an emphasis on
comparing soft- and hard-edges, and (2) contextualize the
spatio-temporal dynamics of this forest fragmentation
through a literature review of potential ecological repercus-
sions of edge creation. To address these objectives we present
new data highlighting the intensity, longevity and fine-scale
spatial distribution of canopy damage following selective log-
ging, then we quantify the large-scale extent and annual rates
of forest fragmentation — defined as both increases in the for-
est edge-to-area ratio and number of forest fragments — from
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deforestation (referred to as hard-edges) and selective logging
(referred to as soft-edges) from 1999 to 2002 across 1.12 mil-
lion km? of the Brazilian Amazon “arc of deforestation”. We
then conduct an extensive literature review to document
the variety and intensity of measured edge effects, and to
quantify the total area and annual change in the area of forest
potentially degraded by edge effects extending from defor-
ested and selectively logged areas.

2. Materials and methods
2.1. Study region

The study region covered portions of four states (Acre, Mato
Grosso, Pard, and Ronddnia) in the Brazilian Amazon region
which had deforestation and logging coverage over the study
period 1999-2002. Areas with atmospheric interference
(clouds or other) during any study year were removed from
the analysis. The final study area encompassed over 1.12 mil-
lion km?. The selected area encompassed >80% of the defor-
estation (INPE, 2005) and selective logging (Asner et al.,
2005) occurring within the Brazilian Amazon (Fig. 1). Although
the majority of cloud interference problems were encoun-
tered in northern Pard, only a small section of northeastern
Para included significant incidence of logging or deforesta-
tion. Contiguous forested fragments smaller than 0.05 km?
were excluded from our analysis as they frequently resulted
from spatial misregistration errors.

2.2.  Deforestation and logging maps

Maps of logging were obtained from the Carnegie Landsat
Analysis System (CLAS), a system developed to identify forest
disturbances and selective logging over large areas. A detailed
description of the CLAS methodology, including the uncer-
tainty analysis and validation effort, was provided in Asner
et al. (2005). The final CLAS output is a map of logged areas
within which canopy damage is quantified in each pixel, with
a reported error of 11-14% (see Fig. 2).

Maps of deforestation were obtained from the Program for
Monitoring Deforestation in the Brazilian Amazon (PRODES) of
the Brazilian Institute for Space Research (INPE). PRODES
deforestation maps in Geographic Information System (GIS)
format are freely available at http://www.obt.inpe.br/prodes/
, and are considered to be the best deforestation maps avail-
able for the Brazilian Amazon (Defries et al., 2005). The
PRODES data used in this paper were accessed from Septem-
ber 2005 to May 2006. These data are subject to a 4% error
from atmospheric conditions, spatial misregistration, or mis-
classification (INPE, 2005). PRODES began producing spatially
accurate maps of annual deforestation in 2000-2001, whereas
the year 2000 PRODES map represents cumulative deforesta-
tion from 1997 to 2000. In order to compare 1999-2000 CLAS
logging to one year of PRODES deforestation, we calculated
the mean annual change from the 1997 to 2000 PRODES data.

Both the deforestation and logging maps are based on 30-m
resolution Landsat Enhanced Thematic Mapper Plus (ETM+)

I Interior forest

- 2 km to edge

B 0 km to edge

Fig. 1 - Interior and edge-forest (<2 km edge) within our study area following deforestation and cumulative logging (2000~
2002). White areas represent non-forest areas (i.e., pasture or agriculture) within our study area while grey areas represent
those areas not included due to cloud interference or missing imagery.
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Fig. 2 - Example of spatio-temporal dynamics of deforestation and selective logging in the years 1999-2002 (A-D, respectively)
in central Mato Grosso. Areas of deforestation and new logging are indicated by yellow and red arrows, respectively.
Subdivided forest fragments are visible within logged areas.

Open

satellite imagery. The minimum deforested or logged area
identified by the PRODES deforestation and CLAS logging
was approximately 6 ha. We integrated the deforestation and
logging maps in a GIS to quantify the impacts of deforestation
with both new and up to three years of cumulative logging. We
define new logging as logging occurring in the study year and
cumulative logging as that occurring over multiple years. We
quantified separately the fragmentation and edge effects of
deforestation, new logging, and cumulative logging. As forest
edge occurred simultaneously proximate to deforested and
logged areas we defined logging edge length and edge-forest
extent as that which occurred in addition to that caused by
deforestation through the specified study year.

2.3. Forest fragmentation and structure
We quantified forest structure at a fine-scale within logged

areas and forest fragmentation at a large-scale for all forests
within our study area. The effect of logging on fine-scale forest

structure was investigated using canopy texture, which we de-
fine as the mean absolute difference in forest gap fraction be-
tween adjacent pixels, within a moving 6 x 6 pixel window:.
Forest canopy-gap fraction (e.g., canopy openness sensu Pere-
ira et al., 2002) is an indicator of forest structure that affects
leaf physiology, forest carbon budgets, water balances, pri-
mary production, microclimate, and biodiversity (Brokaw,
1982; Mulkey and Pearcy, 1992). In this study, we used remotely
sensed canopy-gap fraction images developed through exten-
sive field work and described in detail by Asner et al. (2006).
Canopy texture was used to quantify differences in the spatial
distribution and extent of canopy damage between logged
areas and intact forest. We used one-way ANOVA with Tukey’s
HSD post hoc test to evaluate significance of gap fraction and
texture for up to two years post-logging. We randomly choose
25% of the available samples (n = 330,433) to limit the effects of
spatial autocorrelation in our statistical comparison.

At the large-scale, we used two metrics of forest fragmen-
tation: (1) the edge-to-area ratio (fragment edge/area) of all



BIOLOGICAL CONSERVATION 141 (2008) 1745-1757

1749

forest within our study area, hereafter referred to as edge-to-
area fragmentation, and (2) the overall number of non-contigu-
ous forest fragments, hereafter referred to as subdivision
fragmentation. Changes in fragmentation were identified fol-
lowing 2000-2002 deforestation alone, and after including
the additional impacts of new and cumulative logging. We
quantified total edge length occurring from both deforesta-
tion and logging as well as natural sources (including transi-
tions from forest to river or natural non-forested areas) and
used temporal changes to discern anthropogenic impacts.
The forest interface used in the calculations depended on
the deforestation-logging combination because logging and
the different ages of logged areas were either ignored or in-
cluded as a source of additional forest edge interface over that
of deforestation. We describe these combinations using a “D”
for deforestation and an “L” for logging, followed by the in-
cluded year (s). As the impact of a logged area would change
with time post-harvest, we created combinations including
and excluding older years of logging. These combinations
were not necessary for deforestation, as we did not consider
regeneration of deforested areas during our study period,
although we recognize that soft- and hard-edge structure
and influence changes with time (Didham and Lawton,
1999). The number of individual forested fragments, as well
as their edge length and area, were calculated over the study
area for the years 1997 and 2002. A maximum area threshold
of 350 km?, which included 99.5% of all forest fragments, was
used to exclude the very largest forest areas which were con-
tiguous between study states.

2.4.  Forest edge effects

We limited our analysis to forested areas within two km of the
nearest forest edge — hereafter referred to as edge-forests —
based on the results of our spatial analysis and literature re-
view, both of which showed that two km encompassed nearly
all documented edge effects and potentially affected forest
area in our study region (Fig. 3). Linear distance maps to the
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Fig. 3 - Total number (left) and cumulative percentage (right)
of edge effects documented in our literature review.
References are provided in Appendix A.

nearest forest edge were created for all deforestation-logging
combinations at a spatial resolution of 100 x 100 m, the max-
imum possible considering computing requirements.

2.5. Literature review

We performed a literature review using academic search en-
gines from December, 2005 to February, 2006 for the terms
“forest fragmentation” and “edge effects” in peer-reviewed
articles. We then iteratively scanned the bibliographies of
the articles until no new relevant articles were identified.
We recorded specific edge effects and the distance to which
these effects penetrated the forest interior. All documented
edge effects, including both temperate and tropical regions,
were included in our review. We divided the reported impacts
into four broad categories: (1) forest structure, (2) tree mortal-
ity, (3) forest microclimate, and (4) biodiversity.

3. Results
3.1. Forest fragmentation

At the fine-scale logging immediately increased the mean for-
est gap fraction from 14% to 22%, while doubling the mean
canopy texture from 7% to 13% (p <0.05; ANOVA). Changes
in canopy-gap fraction and texture remained significant dur-
ing the two years following harvest (Tukey’s HSD; p < 0.05).
The largest decreases in canopy-gap fraction and texture oc-
curred in the year immediately following logging, with the
means decreasing from 13% and 22% to 8% and 15%, respec-
tively. An example of the spatio-temporal dynamics of defor-
estation and logging is provided in Fig. 2.

Results from the large-scale analyses of edge-to-area and
subdivision fragmentation are provided in Table 1 and Fig. 4.
During our study period, forest area decreased 13% from
deforestation and cumulative logging, while edge length in-
creased 69%, resulting in an increase in edge-to-area frag-
mentation of 61%. Annually new logging directly impacted
about the same area as deforestation, while creating 117%
more new forest edge. Subdivision from these activities in-
creased the total number of forest fragments 74%, from
15,229 to 26,516 (Table 1). Annually new logging increased
the number of forest fragments by 39%; however, when con-
sidered cumulatively (2000-2002), logging resulted in a 64% in-
crease in total forest fragments. Although around 90% of
individual forest fragments were smaller than 4km?
(Fig. 4A), more than 50% of total remaining forest occurred
in fragments greater than 35,000 km? (Fig. 4B).

In addition to large-scale subdivision fragmentation, indi-
vidual forest fragments themselves became increasingly
edge-to-area fragmented. Between 1997 and 2002, including
deforestation only, the mean (std. dev.) area and perimeter
of individual forest fragments decreased significantly from
3.5 (15.9) to 2.6 (13.7)km? and from 10.3 (28.4) to 9.8
(27.9) km, respectively, while the mean edge-to-area ratio in-
creased from 9.3 (5.3) to 14.6 (11.3) (Tukey’s HSD; p < 0.05).
The addition of cumulative logging (2000-2002) did not signif-
icantly increase the edge-to-area fragmentation of these frag-
ments over that of deforestation alone.
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Table 1 - Fragmentation statistics for all deforestation and logging combinations within our study region

Deforestation year (<)* Logging ID Forest Edge Edge-to-area Forest Forest Forest
year (s)° area (km? length (km) ratio area < 2km area < 2km fragments (#)
edge (km?)  edge (%)

1997 = 791 418 427 001 0.54 348 504 44.0% 15 229

2000 - DO 758 474 455 954 0.60 345 563 45.6% 17 594

2001 = DOo1 747 379 500 433 0.67 357 985 47.9% 19 699

2002 = D012 733 626 543 638 0.74 348 589 47.5% 23133

2000 2000 DO LO 743 789 494 579 0.66 369 024 49.6% 18 631

2001 2001 D01 L1 733 772 542 186 0.74 369 678 50.4% 20 463

2002 2002 D012 L2 722 115 576 625 0.80 363 116 50.3% 23773

2001 2000-2001 DO1 LO1 721 590 566 377 0.78 350 556 48.6% 21 863

2002 2001-02 D012 L12 710 628 605 112 0.85 370 503 52.1% 24 943

2002 2000-2002 D012 LO12 699 855 621713 0.89 368 150 52.6% 26 516

Annual change

New logging —13 268 37 788 0.06 16 560 3.1% 814
(Avg. 2000-2002)

Deforestation —11943 32 445 0.05 682 0.8% 2109
(Avg. 2000-2002)

Cumulative change®

Deforestation (2000-2002) —24 848 87 684 0.14 3026 1.9% 5539

Logging (2000-2002) -33771 78 075 0.15 19 561 5.1% 3383

a Deforestation is always cumulative through study year.
b Signifies that logging is not included in the spatial analysis.
¢ Logging impacts are in addition to deforestation.

3.2 Forest edge effects

Results of the forest edge analysis are provided in Table 1 and
Figs. 4 and 5. By the year 2002, including deforestation only,
the proportion of edge-forests in the study region had in-
creased to 48%. Cumulative logging (2000-2002) further in-
creased the proportion of edge-forest to 53% (Table 1), with
37% of remaining forest being within 1km and 6.4% being
within 100 m of the nearest edge (Fig. 4C), while more than
50% of all edge-forest occurred within 0.6 km of the nearest
edge (Fig. 4D). The explicit spatial dynamics of edge-forest
generation from deforestation, and new and cumulative log-
ging are illustrated in Fig. 5. Annually, the total percentage
of remaining forests less than two km from an edge increased
by 2.6%, while the proportion within 100-m increased by 0.5%
(Fig. 5). Deforestation increased the area of forest up to
~0.5 km, but decreased forest area from 0.5 to 2 km into inte-
rior forest, while new logging increased the forest area
<1.8 km into intact forest areas, and then decreased the forest
area up to 2 km study limit. Deforestation annually increased
the area of forest within 100 m of the forest edge by 1800 km?,
while the addition of new and cumulative logging increased
the forest area by 2500 and 4800 km?, respectively (Fig. 5).

3.3. Literature review

The effects of edges on tropical and temperate forest attri-
butes and function were abundantly documented in the liter-
ature (Figs. 3 and 6). Although our literature review initially
identified hundreds of articles, only 62 of these provided ex-
plicit interior forest penetration distances for edge effects.
Approximately 45% of all documented edge impacts extended
<100 m, while 99% of documented edge impacts extended <
2km, into the surrounding forest. The 146 reported edge ef-

fects were divided about equally among four categories: (A)
forest structure, (B) tree mortality, (C) microclimate, and (D)
biodiversity (Fig. 6). Descriptive statistics for these categories
are provided in Table 2, and complete references are provided
in Appendix A.

Our review documented numerous impacts of hard-edges.
In general, immediately following conversion of intact forest
to pasture or agriculture, microclimatic alterations occur in
the nearby surrounding forest edges through increased pene-
tration of sunlight and wind (Didham and Lawton, 1999). Air
and soil moisture decrease (Williams-Linera et al., 1998),
while there are increases in temperature (Cadenasso et al,,
1997), vapor pressure deficit (Davies-Colley et al., 2000) and
the availability of photosynthetically active radiation to the
understory (Kapos, 1989), and throughout the forest edge
(Young and Mitchell, 1994). Litterfall production increases
(Sizer et al., 2000), as does the accumulated depth of the litter
layer (Matlack, 1993), resulting in rapid increases in suscepti-
bility to wildfire (Cochrane and Laurance, 2002), especially as
forest edges are often located adjacent to agricultural or pas-
ture lands that are often burned as part of their management
(Peres, 2001).

Following edge creation, forest structure and composition
can be altered both in interior forest (Mesquita et al., 1999) or
at the forest edge (Didham and Lawton, 1999), as large trees of-
ten die off within 300 m of the forest edge (Laurance et al,,
2000), being replaced by densely spaced short-lived pioneers
(Laurance et al., 2006), resulting in decreases in forest biomass
(Nascimento and Laurance, 2004) and basal area (Harper et al.,
2005). Tree mortality is also linked to positive feedbacks with
fires (Cochrane, 2001), resulting in further loss of biomass (Lau-
rance and Williamson, 2001) and carbon emissions to the
atmosphere through increased turnover of necromass (Nasci-
mento and Laurance, 2004). The change to a smaller statured
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(km?), (B) total forested area in our study region versus the area of individual non-contiguous forest fragments, (C) cumulative
total forested area (km?), and (D) total remaining forest, located within individual 100 m distance increments up to two km
from the nearest forest edge. Logging impacts are in addition to those caused by deforestation.

forest (Didham and Lawton, 1999), sometimes containing more
chemical defenses (Hester and Hobbs, 1992), occurs through
loss of native vegetation and often leads to an increased abun-
dance of invasive species (Hobbs, 2001). Changes in structure
and composition, accompanied by disruptions in plant-animal
interactions (Rodriguez-Cabal et al., 2007), in turn, often lead to
invasion of disturbance-adapted animal species, including
butterflies (Lovejoy et al., 1986), beetles (Didham, 1997; Nichols
et al., 2007), pigs (Peters, 2000), birds (Hagan et al., 1996), frogs
and lizards (Schlaepfer and Gavin, 2001), and mammals (Kin-
naird et al., 2003), while insect biomass moves from the over-
story to the understory (Malcolm, 1997).

Only four of the 62 reviewed articles addressed soft-edges.
Pereira et al. (2002) and Asner et al. (2004) found that tree-fell-

ing gaps caused significant increases in canopy openness for
up to 100 m in the surrounding forest. Uhl and Buschbacher
(1985) and Cochrane et al. (2004) highlighted the positive syn-
ergism between anthropogenic fires and wildfires in selec-
tively logged forests. Given the paucity of literature on the
ecological impacts of soft-edges and the very large length
and area they occupy there is a clear need for additional stud-
ies of soft-edge impacts on biodiversity and ecosystem
function.

4, Discussion

Although deforestation has been measured for decades, the
full extent and spatial distribution of selective logging in the
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forest interior. New logging and cumulative logging (2000-
2002) impacts are in addition to those of deforestation.

Amazon has only recently been mapped. Asner et al. (2005)
showed the logging annually impacts a forest area equal in
size (~12,000-19,000 km? annually) to that deforested. Subse-
quent analysis revealed that >76% of selective logging re-
sulted in high levels of forest canopy damage, and that
much of the area selectively logged was deforested within
several years (Asner et al., 2006). Preliminary analysis of the
selective logging data showed substantially different patterns
in spatial distribution between selective logging and defores-
tation, which prompted the full spatial analysis presented in
this study.

Traditionally, selective logging alone has not been consid-
ered as a source of forest fragments, as it does not generally
result in a dramatic loss of vegetation cover. However,
depending on harvest intensity, losses of 10-60% of canopy
cover from logging operations are typical and logging activi-
ties cause marked disruption and small-scale fragmentation
of the forest understory, mainly by roads, skidder tracks,
and patios (e.g., Pereira et al., 2002). In addition, the results
of our fine-scale analyses of fragmentation indicated that
canopy damage in logged areas is intense and spatially dis-
tributed throughout the logged area. This combination indi-
cates that logged areas could, for the reasons previously
highlighted, result in extensive forest fragmentation and
edge-effects. The detrimental impacts of selective logging
may extend many years, especially when considering that
many forest structural properties, such as deep canopies,
associated with wildlife habitat in intact forests, are not likely
to be regained for 30-50 years or more following logging
(Plumptre, 1996).

Canopy openings from logging disturbances are, however,
far smaller than clearings for farms or ranches which gener-
ally lead to increased windspeeds, desiccation, and other
microclimatic alterations, which in turn are key drivers of
edge effects (see Laurance et al., 2002). In addition, forest
edges adjoining farms or ranches are often repeatedly

impacted by pasture burning, which can severely damage
adjacent forests. Therefore, the penetration and magnitude
of many edge effects are likely to be greater near forest to
non-forest edges than near the edges of logged forest. How-
ever, large increases in fire susceptibility have been docu-
mented in forests (Cochrane et al., 2002) which result in
edge-like effects following logging operations. Furthermore,
the temporal trajectories of edge effects would differ, with
some logged forests recovering or being managed, such as
could potentially occur in over 50 million ha of National For-
ests (FLONAs) being established throughout the Brazilian
Amazon (Verissimo et al. 2002); while other logged areas un-
dergo burning or subsequent deforestation.

Importantly, many species of forest-dependent fauna
whose movements would be precluded by major clearings,
such as cattle pastures or soy farms, probably do use logged
forest (e.g. many understory birds, primates, and forest-inte-
rior insects such as certain beetles, ants, butterflies and
euglossine bees; see Barlow et al., 2006, 2007 and Laurance
et al.,, 2002), especially after a few years of forest recovery.
Thus, logging alone is unlikely to isolate forest-dependent
animal populations nearly to the extent of that caused by for-
est fragmentation from deforestation. Logging does, however,
greatly facilitate hunting in some contexts (Walker, 2003), and
in those cases the impacts of logging on hunted species, and
the resulting fragmentation of their populations, could be far
greater. Logged areas closer to settlements could result in in-
creased hunting pressure, while those located further into
forest interiors might cause a proportionally larger impact
on remaining wildlife.

Edge effects can also be strongly influenced by local land-
scape and larger-scale climatic effects. For example, edge-re-
lated fires can penetrate up to a few kilometers into
fragmented forests, and especially following logging, in more
seasonal parts of the Amazon, but are less important in less-
seasonal areas. The type of land-use surrounding fragments
is also very important. Fragments encircled by pastures,
which are often burned annually, are subjected to recurring
disturbance from fires, whereas those adjoined by many
crops may not experience recurring fires.

Logging edges differ from those of deforestation in several
ways. First, the interface is forest-to-degraded-forest and a
large variation in forest degradation exists. Second, these
edges either recover through time (5-50yrs depending on
the edge effect), likely with reduced edge impact as the tran-
sition becomes less severe (Didham and Lawton, 1999), or be-
come deforested and become hard-edges. However, logging in
the Brazilian Amazon is an intense disturbance and many
heavily logged areas could be considered hard-edges in some
respects. It is recognized that deforestation is also dynamic,
but at slower rates, with reforestation potentially occurring
in many of these areas throughout the Amazon (Houghton
et al., 2000), which could have a mitigating impact on the
overall fragmentation caused by deforested areas. It would
be of interest in future investigations of forest fragmentation
to include more explicit recovery dynamics of deforested and
selectively logged areas; however, the data for this analysis
were not available for inclusion in the present study.

We found that rapid subdivision fragmentation occurred
more from deforestation than from selective logging as log-
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Table 2 - Descriptive statistics of edge distance (m) into interior forest by disturbance category

Edge disturbance category Distance (m) N?
Mean Median STD Min Max

Forest structure 124 100 169 5 1000 39

Tree mortality 430 300 391 10 1000 37

Forest microclimate 191 60 386 5 2400 35

Biodiversity 261 80 385 10 2000 35

Total 245 100 358 5 2400 146

References are provided in Appendix A.

a Number of individual edge effects documented in our literature review of 62 articles.

ging extended deep into interior forests without disconnect-
ing contiguous forest fragments. Deforestation tended to oc-
cur near previously deforested areas, and in 2002 actually
reduced the percentage edge-forest as it homogenized the
complex agroscape present at the exterior of larger forest
fragments. Cumulative logging, however, as a result of pene-
trating deep into core forest areas generated 268% more edge-
forest than deforestation, while generating only 64% as many
new non-contiguous forest fragments. Over our study period,
not only was there a dramatic increase in the number of these
forest fragments, but those fragments actually became much
more fragmented than expected. In addition, we find that 90%
of forest fragments across our 1.1 million km? study area fall
under Laurance’s (1998) fragment area threshold of 4 km?, -
beyond which detrimental effects become more pronounced.
Fortunately, these fragments encompass only ~5% of the total
remaining forest area. However, this percentage will increase
as larger contiguous forest areas are subdivided into smaller
fragments and forest edges continue to recede (Gascon
et al., 2000).

More than 53% of the ~700,000 km? of remaining forests in
our total study area in 2002 were classified as edge-forests.
Conversely, core forest area, defined as areas >2km from
the nearest forest edge, decreased from 56% to 49.7%, or by
84,303 km?, from 1997 to 2002. New logging resulted in an an-
nual increase of edge-forest 24 times greater than that of
deforestation alone, as logging extended more deeply into
the interior core of remaining intact forest areas. However,
the cumulative logged area was smaller than expected from
the annual mean, as new logging grew from previously logged
areas and thus continually consumed previously generated
edge-forest. It is important to consider that our study period
was only three years, while logging has likely been occurring
in the region for a much longer time. For example, if assum-
ing that logging during the past decade has occurred at an
average intensity similar to that of our study period, and that
the logged areas were not subsequently deforested, then
there could be 260,000 km, representing a 40% increase in to-
tal existing edge length, of undocumented soft-edges border-
ing <10 year old logged areas.

Within our study area, Skole and Tucker (1993) calculated
~14% of remaining forests were edge-effected in 1988, using
a definition of edge-forest as any forest areas within contigu-
ous forest areas <100 km? and closer than 1km to a forest
edge. In 2002, 14 years later, our results from deforestation
alone identified ~36% of forest <1km from an edge, an in-
crease of 1.6% per year. Total forest fragments from deforesta-

tion were 8252 and ~23,000 in 1988 and 2002, respectively.
However, we acknowledge that direct comparisons of our re-
sults to those of Skole and Tucker (1993) are difficult due to
differences in edge-forest definition, study area and cloud
coverage, but nonetheless, we find them useful to highlight
general patterns.

5. Conclusions

Fragmentation of the Amazon is rapidly creating large areas
of forest susceptible to edge effects, and is reducing the
area of the remaining core forest. In total, we calculated that
53% of the remaining forests in more than 1.1 million km?
were within two km and, ~37% were within 1 km of a forest
edge. Moreover, 6.4% of all remaining forests were within
100 m of a forest edge, a distance shown in our literature re-
view to undergo extensive edge impacts. Changes in edges
are not cumulative because new logging and deforestation
events consume older edges. Nonetheless, large forest tracts
are being divided into smaller forested sections, which
become increasingly vulnerable to wildfire, human encroach-
ment, and reductions in biomass through increased mortality
following micro-meteorological changes and/or wildfire.

Deforestation served as a driver of fragmentation primar-
ily by increasing the area of edge-forest <500 m from the near-
est edge, while logging extended deeply into previously intact
forest areas and created extensive edge-forest up to our two
km study limit. Although logged forest habitat is preferably
to deforestation when considering ecosystem function, ser-
vices or biodiversity, from the perspective of edge creation,
it may pose a greater threat to forest sustainability than
deforestation by increasing wildfire potential and accessibil-
ity deep within previously intact core forest areas. Both defor-
estation and logging contributed to the sub-division of
remaining forest areas into smaller non-contiguous sections,
though only the impacts of deforestation were statistically
significant.

Although rapid and extensive fragmentation occurred
throughout our study area, the majority of remaining forests
were within large contiguous forested areas, and therefore
not likely to be extensively degraded by the edge effects doc-
umented in our literature review. However, the rates of forest
fragmentation will likely increase in the future as the remain-
ing forested area is reduced, and as logging continues to pen-
etrate into these previously intact core forests. The results of
this study have wide-ranging implications for carbon seques-
tration and release, biodiversity conservation, and social and
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ecological sustainability of ecosystems and human enter-
prises throughout the Brazilian Amazon.
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